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1
METHODS OF FORMING GATE
STRUCTURES FOR TRANSISTOR DEVICES
FOR CMOS APPLICATIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

Generally, the present disclosure relates to the manufacture
of semiconductor devices, and, more specifically, to various
novel methods of forming gate structures for transistor
devices for CMOS applications and various novel integrated
circuit products that contain such transistor devices.

2. Description of the Related Art

The fabrication of advanced integrated circuits, such as
CPU’s, storage devices, ASIC’s (application specific inte-
grated circuits) and the like, requires the formation of a large
number of circuit elements in a given chip area according to
aspecified circuit layout, wherein so-called metal oxide semi-
conductor field effect transistors (MOSFETs or FETs) repre-
sent one important type of circuit element that substantially
determines performance of the integrated circuits. The tran-
sistors are typically either NMOS (NFET) or PMOS (PFET)
type devices wherein the “N” and “P” designation is based
upon the type of dopants used to create the source/drain
regions of the devices. So-called CMOS (Complementary
Metal Oxide Semiconductor) technology or products refers to
integrated circuit products that are manufactured using both
NMOS and PMOS transistor devices.

Field effect transistors, whether an NMOS or a PMOS
device, typically include a source region, a drain region, a
channel region that is positioned between the source region
and the drain region, and a gate electrode positioned above the
channel region. Current flow through the FET is controlled by
controlling the voltage applied to the gate electrode. For an
NMOS device, if there is no voltage (or a logically low
voltage) applied to the gate electrode, then there is no current
flow through the device (ignoring undesirable leakage cur-
rents, which are relatively small). However, when an appro-
priate positive voltage (or logically high voltage) is applied to
the gate electrode, the channel region of the NMOS device
becomes conductive, and electrical current is permitted to
flow between the source region and the drain region through
the conductive channel region. For a PMOS device, the con-
trol voltages are reversed. Field effect transistors may come in
a variety of different physical shapes, e.g., so-called planar
FET devices or so-called 3D or FinFET devices.

For many decades, planar FET devices were the dominant
choice for making integrated circuit products due to the rela-
tively easier manufacturing methods that are used to form
such planar devices as compared to the manufacturing meth-
ods involved in forming 3D devices. To improve the operating
speed of planar FETs, and to increase the density of planar
FETs on an integrated circuit device, device designers have
greatly reduced the physical size of planar FETs over the
years. More specifically, the channel length of planar FETs
has been significantly decreased, which has resulted in
improving the switching speed of planar FETs. However,
decreasing the channel length of a planar FET also decreases
the distance between the source region and the drain region.
In some cases, this decrease in the separation between the
source and the drain regions makes it difficult to efficiently
inhibit the electrical potential of the source region and the
channel from being adversely aftected by the electrical poten-
tial of the drain region. This is sometimes referred to as
so-called short channel effects, wherein the characteristic of
the planar FET as an active switch is degraded.
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As noted above, in contrast to a planar FET, a so-called 3D
or FinFET device has a three-dimensional (3D) structure.
More specifically, in a FinFET, a generally vertically posi-
tioned fin-shaped active area is formed in a semiconductor
substrate and a gate structure (gate insulation layer plus the
gate electrode) is positioned around both of the sides and the
upper surface of the fin-shaped active area to form a tri-gate
structure so as to use a channel having a three-dimensional
structure instead of a planar structure. In some cases, an
insulating cap layer, e.g., silicon nitride, is positioned at the
top of the fin and the FinFET device only has a dual-gate
structure. Unlike a planar FET, in a FinFET device, a channel
is formed perpendicular to a surface of the semiconducting
substrate so as to reduce the physical size of the semiconduc-
tor device. Also, in a FinFET, the junction capacitance at the
drain region of the device is greatly reduced, which tends to
reduce at least some short channel effects. When an appro-
priate voltage is applied to the gate electrode of a FinFET
device, the surfaces (and the inner portion near the surface) of
the fins, i.e., the substantially vertically oriented sidewalls
and the top upper surface of the fin, become a conductive
channel region, thereby allowing current to flow. In a FinFET
device, the “channel-width” is approximately two times (2x)
the vertical fin-height plus the width of the top surface of the
fin, i.e., the fin width. Multiple fins can be formed in the same
foot-print as that of a planar transistor device. Accordingly,
for a given plot space (or foot-print), FinFETs tend to be able
to generate significantly stronger drive currents than planar
transistor devices. Additionally, the leakage current of Fin-
FET devices after the device is turned “OFF” is significantly
reduced as compared to the leakage current of planar FETs
due to the superior gate electrostatic control of the “fin”
channel on FinFET devices. In short, the 3D structure of a
FinFET device is a superior MOSFET structure as compared
to that of a planar FET, especially in the 20 nm CMOS
technology node and beyond.

For many early device technology generations, the gate
structures of most transistor elements has been comprised of
aplurality of silicon-based materials, such as a silicon dioxide
and/or silicon oxynitride gate insulation layer, in combination
with a polysilicon gate electrode. However, as the channel
length of aggressively scaled transistor elements has become
increasingly smaller, many newer generation devices employ
gate structures that contain alternative materials in an effortto
avoid the short channel effects which may be associated with
the use of traditional silicon-based materials in reduced chan-
nel length transistors. For example, in some aggressively
scaled transistor elements, which may have channel lengths
on the order of approximately 10-32 nm or less, gate struc-
tures that include a so-called high-k dielectric gate insulation
layer and one or more metal layers that function as the gate
electrode (HK/MG) have been implemented. Such alternative
gate structures have been shown to provide significantly
enhanced operational characteristics over the heretofore
more traditional silicon dioxide/polysilicon gate structure
configurations.

Depending on the specific overall device requirements,
several different high-k materials—i.e., materials having a
dielectric constant, or k-value, of approximately 10 or
greater—have been used with varying degrees of success for
the gate insulation layer in an HK/MG gate electrode struc-
ture. For example, in some transistor element designs, a
high-k gate insulation layer may include tantalum oxide
(Ta,05), hafnium oxide (HfO,), zirconium oxide (ZrO,), tita-
nium oxide (TiO,), aluminum oxide (Al,O;), hafnium sili-
cates (HfSi0O,) and the like. Furthermore, one or more non-
polysilicon metal gate electrode materials—i.e., a metal gate
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stack—may be used in HK/MG configurations so as to con-
trol the work function of the transistor. These metal gate
electrode materials may include, for example, one or more
layers of titanium (T1), titanium nitride (TiN), titanium-alu-
minum (TiAl), titanium-aluminum-carbon (TiALC), alumi-
num (Al), aluminum nitride (AIN), tantalum (Ta), tantalum
nitride (TaN), tantalum carbide (TaC), tantalum carbonitride
(TaCN), tantalum silicon nitride (TaSiN), tantalum silicide
(TaSi) and the like.

One well-known processing method that has been used for
forming a transistor with a high-k/metal gate structure is the
so-called “gate last” or “replacement gate” technique. The
replacement gate process may be used when forming planar
devices or 3D devices. FIGS. 1A-1D simplistically depict one
illustrative prior art method for forming an HK/MG replace-
ment gate structure using a replacement gate technique. As
shown in FIG. 1A, the process includes the formation of a
basic transistor structure above a semiconducting substrate
12 in an active area defined by a shallow trench isolation
structure 13. At the point of fabrication depicted in FIG. 1A,
the device 10 includes a sacrificial gate insulation layer 14, a
dummy or sacrificial gate electrode 15, sidewall spacers 16, a
layer of insulating material 17 and source/drain regions 18
formed in the substrate 12. The various components and
structures of the device 10 may be formed using a variety of
different materials and by performing a variety of known
techniques. For example, the sacrificial gate insulation layer
14 may be comprised of silicon dioxide, the sacrificial gate
electrode 15 may be comprised of polysilicon, the sidewall
spacers 16 may be comprised of silicon nitride and the layer
of'insulating material 17 may be comprised of silicon dioxide.
The source/drain regions 18 may be comprised of implanted
dopant materials (N-type dopants for NMOS devices and
P-type dopants for PMOS devices) that are implanted into the
substrate 12 using known masking and ion implantation tech-
niques. Of course, those skilled in the art will recognize that
there are other features of the transistor 10 that are not
depicted in the drawings for purposes of clarity. For example,
so-called halo implant regions are not depicted in the draw-
ings, as well as various layers or regions of silicon/germa-
nium that are typically found in high performance PMOS
transistors. At the point of fabrication depicted in FIG. 1A, the
various structures of the device 10 have been formed and a
chemical mechanical polishing (CMP) process has been per-
formed to remove any materials above the sacrificial gate
electrode 15 (such as a protective cap layer (not shown)
comprised of silicon nitride) so that at least the sacrificial gate
electrode 15 may be removed.

As shown in FIG. 1B, one or more etching processes are
performed to remove the sacrificial gate electrode 15 and the
sacrificial gate insulation layer 14 to thereby define a gate
cavity 20 where a replacement gate structure will subse-
quently be formed. Typically, the sacrificial gate insulation
layer 14 is removed as part of the replacement gate technique,
as depicted herein. However, the sacrificial gate insulation
layer 14 may not be removed in all applications.

Next, as shown in FIG. 1C, various layers of material that
will constitute a replacement gate structure 30 are formed in
the gate cavity 20. Even in cases where the sacrificial gate
insulation layer 14 is intentionally removed, there will typi-
cally be a very thin native oxide layer (not shown) that forms
on the substrate 12 within the gate cavity 20. The materials
used for the replacement gate structures 30 for NMOS and
PMOS devices are typically different. For example, the
replacement gate structure 30 for an NMOS device may be
comprised of a high-k gate insulation layer 30A, such as
hafnium oxide, having a thickness of approximately 2 nm, a
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first metal layer 30B (e.g., a layer of titanium nitride with a
thickness of about 1-2 nm that serves as a barrier layer to
protect the high-k gate insulation layer 30A from reacting
with the work function metal for the device), a second metal
layer 30C—a so-called work function adjusting metal layer
for the NMOS device—(e.g., a layer of titanium-aluminum or
titanium-aluminum-carbon with a thickness of about 5 nm), a
third metal layer 30D (e.g., a layer of titanium nitride with a
thickness of about 1-2 nm that serves to protect the second
metal layer 30C from oxidation and it also may function as an
adhesion and nucleation layer for the later bulk deposition of
tungsten or aluminum materials) and a bulk metal layer 30E,
such as aluminum or tungsten. Ultimately, as shown in FIG.
1D, one or more CMP processes are performed to remove
excess portions of the gate insulation layer 30 A, the first metal
layer 30B, the second metal layer 30C, the third metal layer
30D and the bulk metal layer 30E positioned outside of the
gate cavity 20 to thereby define the replacement gate structure
30 for an illustrative NMOS device. Typically, the replace-
ment metal gate structure 30 for a PMOS device does not
include as many metal layers as does an NMOS device. For
example, the gate structure 30 for a PMOS device may only
include the high-k gate insulation layer 30A, a single layer of
titanium nitride—the work function adjusting metal for the
PMOS device—having a thickness of about 3-4 nm, and the
bulk metal layer 30E.

As the gate length of transistor devices has decreased, the
physical size of the gate cavity 20 has also decreased. Thus, it
is becoming physically difficult to fit all of the needed layers
of material needed for the replacement gate structure 30,
particularly for NMOS devices due to the greater number of
layers of material that are typically used to form the gate
structures for the NMOS devices, within the reduced-size
gate cavity. For example, as gate lengths continue to decrease,
voids or seams may be formed as the various layers of mate-
rial are deposited into the gate cavity 20. Such voids or seams
may result in devices that perform at levels less than antici-
pated or, in some cases, the formation of devices that are
simply not acceptable and have to be discarded.

The term “work function” (WF) is commonly used in the
art of semiconductor design and manufacturing to refer to the
minimum energy needed to remove an electron from the
surface of metal. The work function of a metal is typically a
constant characteristic of that metal material and it is usually
measured in electron-volts (eV). In general, in CMOS inte-
gration schemes using a silicon substrate, a work function
metal having a work function near the conduction band edge
of'silicon (about 4.0 eV) is necessary for NMOS type devices,
while a different work function metal having a work function
near the valance band edge of silicon (about 5.1-5.2 eV) is
necessary for PMOS devices. Thus, in CMOS integration
schemes employing high-k gate dielectric materials, at least
two types of gate stacks are needed, i.e., a stack of suitable
materials that satisfies the individual work function require-
ments for the PMOS devices and a different stack of materials
that satisfies the individual work function requirements for
the NMOS devices. As noted above, the gate stack for the
PMOS devices provides an effective work function closer to
the valence band edge of the material of the channel of the
PMOS devices, and the gate stack for the NMOS devices
provides an effective work function closer to the conduction
band edge of the material of the channel of the NMOS
devices. Forming such different layer stacks for different
devices is time consuming and involves many complex pro-
cess operations.

The present disclosure is directed to various novel methods
of forming gate structures for transistor devices for CMOS
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applications and various novel integrated circuit products that
contain such transistor devices that may solve or reduce one
or more of the problems identified above.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the inven-
tion in order to provide a basic understanding of some aspects
of'the invention. This summary is not an exhaustive overview
of the invention. It is not intended to identify key or critical
elements of the invention or to delineate the scope of the
invention. Its sole purpose is to present some concepts in a
simplified form as a prelude to the more detailed description
that is discussed later.

Generally, the present disclosure is directed to various
novel methods of forming gate structures for transistor
devices for CMOS applications and various novel integrated
circuit products that contain such transistor devices. One
illustrative integrated circuit product disclosed herein
includes, among other things, an NMOS transistor having a
gate structure comprised of an NMOS gate insulation layer
comprised of a high-k gate insulation material, a first NMOS
metal layer comprised of a first metal positioned on the
NMOS gate insulation layer and a NMOS metal silicide
material positioned above the first NMOS metal layer,
wherein the NMOS metal silicide material comprises a first
amount of atomic silicon. In this embodiment, the product
also includes a PMOS transistor having a gate structure com-
prised of a PMOS gate insulation layer comprised of the
high-k gate insulation material, a first PMOS metal layer
comprised of the first metal positioned on the PMOS gate
insulation layer, and a PMOS metal silicide material posi-
tioned above the first PMOS metal layer, wherein the PMOS
metal silicide material comprises a second amount of atomic
silicon, and wherein the first and second amounts of atomic
silicon are different.

Another illustrative integrated circuit product includes,
among other things, an NMOS transistor having a gate struc-
ture comprised of an NMOS gate insulation layer comprised
of'a high-k gate insulation material, a first NMOS metal layer
comprised of a first metal positioned on the NMOS gate
insulation layer, and a NMOS metal silicide material posi-
tioned above the first NMOS metal layer, wherein the NMOS
metal silicide material comprises 50-95% atomic silicon. In
this embodiment, the integrated circuit product also includes
a PMOS transistor having a gate structure comprised of a
PMOS gate insulation layer comprised of the high-k gate
insulation material, a first PMOS metal layer comprised of the
first metal positioned on the PMOS gate insulation layer and
a PMOS metal silicide material positioned above the first
PMOS metal layer, wherein the PMOS metal silicide material
comprises 2-40% atomic silicon.

One illustrative method disclosed herein for forming
replacement gate structures for an NMOS transistor and a
PMOS transistor includes, among other things, performing at
least one etching process to remove a sacrificial gate structure
for the NMOS transistor and a sacrificial gate structure for the
PMOS transistor to thereby define an NMOS gate cavity and
a PMOS gate cavity, depositing a gate insulation layer in the
NMOS gate cavity and in the PMOS gate cavity, depositing a
first metal layer on the gate insulation layer in the NMOS gate
cavity and in the PMOS gate cavity, performing at least one
process operation to form (1) an NMOS metal silicide mate-
rial positioned above the first metal layer within the NMOS
gate cavity, wherein the NMOS metal silicide material com-
prises a first amount of atomic silicon and (2) a PMOS metal
silicide material positioned above the first metal layer within
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6
the PMOS gate cavity, wherein the PMOS metal silicide
material comprises a second amount of atomic silicon, and
wherein the first and second amounts of atomic silicon are
different, and forming gate cap layers within the NMOS and
PMOS gate cavities.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be understood by reference to the
following description taken in conjunction with the accom-
panying drawings, in which like reference numerals identify
like elements, and in which:

FIGS. 1A-1D depict one illustrative prior art method of
forming a gate structure of the transistors using a so-called
“replacement gate” technique;

FIGS. 2A-21 depict one illustrative method disclosed
herein for forming gate structures for transistor devices and
an example of an integrated circuit product that contain such
transistor devices;

FIGS. 3A-3B depict various aspects of one method dis-
closed herein wherein a metal silicide layer comprised of
tungsten silicide has been formed as part of the process of
forming a gate structure for an illustrative transistor device;

FIGS. 4A-4H depict yet another illustrative method dis-
closed herein for forming gate structures for transistor
devices and an example of an integrated circuit product
formed using CMOS technology;

FIGS. 5A-5E depict yet another illustrative method dis-
closed herein for forming gate structures for transistor
devices and an example of an integrated circuit product that
contain such transistor devices; and

FIGS. 6A-6F depict yet another illustrative method dis-
closed herein for forming gate structures for transistor
devices and an example of an integrated circuit product
formed using CMOS technology.

While the subject matter disclosed herein is susceptible to
various modifications and alternative forms, specific embodi-
ments thereof have been shown by way of example in the
drawings and are herein described in detail. It should be
understood, however, that the description herein of specific
embodiments is not intended to limit the invention to the
particular forms disclosed, but on the contrary, the intention is
to cover all modifications, equivalents, and alternatives fall-
ing within the spirit and scope of the invention as defined by
the appended claims.

DETAILED DESCRIPTION

Various illustrative embodiments of the invention are
described below. In the interest of clarity, not all features of an
actual implementation are described in this specification. It
will of course be appreciated that in the development of any
such actual embodiment, numerous implementation-specific
decisions must be made to achieve the developers’ specific
goals, such as compliance with system-related and business-
related constraints, which will vary from one implementation
to another. Moreover, it will be appreciated that such a devel-
opment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.

The present subject matter will now be described with
reference to the attached figures. Various structures, systems
and devices are schematically depicted in the drawings for
purposes of explanation only and so as to not obscure the
present disclosure with details that are well known to those
skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the
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present disclosure. The words and phrases used herein should
be understood and interpreted to have a meaning consistent
with the understanding of those words and phrases by those
skilled in the relevant art. No special definition of a term or
phrase, i.e., a definition that is different from the ordinary and
customary meaning as understood by those skilled in the art,
is intended to be implied by consistent usage of the term or
phrase herein. To the extent that a term or phrase is intended
to have a special meaning, i.e., a meaning other than that
understood by skilled artisans, such a special definition will
be expressly set forth in the specification in a definitional
manner that directly and unequivocally provides the special
definition for the term or phrase.

The present disclosure is directed to various novel methods
of forming gate structures for transistor devices for CMOS
applications and various novel integrated circuit products that
contain such transistor devices. As will be readily apparent to
those skilled in the art upon a complete reading of the present
application, the methods disclosed herein may be employed
in manufacturing a variety of different devices, including, but
not limited to, logic devices, memory devices, etc. With ref-
erence to the attached figures, various illustrative embodi-
ments of the methods and devices disclosed herein will now
be described in more detail.

As will be appreciated by those skilled in the art after a
complete reading of the present application, the inventions
disclosed herein may be employed in forming integrated cir-
cuit products using planar transistor devices, as well as so-
called 3D devices, such as FINFETSs, or a combination of such
devices. For purposes of disclosure, reference will be made to
one illustrative process flow wherein the methods disclosed
herein are performed to form an illustrative FinFET device. In
other embodiments, the methods disclosed herein may be
employed to manufacture integrated circuit products using
CMOS technology to form a plurality of FInFET devices.
However, the inventions disclosed herein should not be con-
sidered to be limited to such illustrative examples. For
example, the inventions disclosed herein may be employed in
forming a plurality of FinFET transistor devices or planar
transistor devices using NMOS, PMOS or CMOS technol-
ogy.

FIG. 2A is a simplified view of an illustrative integrated
circuit product 100 at an early stage of manufacturing. An
illustrative transistor 104 will be formed in and above the
semiconductor substrate 102. So as not to obscure the inven-
tions disclosed herein, an isolation region that is formed in the
substrate 102 to define an active region where the transistor
104 will be formed is not depicted in the attached drawings.
The transistor 104 may be either an N-type transistor or a
P-type transistor. Additionally, various doped regions, e.g.,
source/drain regions, halo implant regions, well regions and
the like, are also not depicted in the attached drawings. The
substrate 102 may have a variety of configurations, such as
the depicted bulk silicon configuration. The substrate 102
may also have a silicon-on-insulator (SOI) configuration that
includes a bulk silicon layer, a buried insulation layer and an
active layer, wherein semiconductor devices are formed in
and above the active layer. The substrate 102 may be made of
silicon or it may be made of materials other than silicon. Thus,
the terms “substrate” or “semiconductor substrate” should be
understood to cover all semiconducting materials and all
forms of such materials. The cross-sectional view depicted in
the attached figures is taken through the long axis of an
illustrative fin 113 that is formed from the substrate 102.
Stated another way, the cross-sectional views depicted in the
attached drawings are taken through the gate structures of the
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various transistors in a direction that corresponds to the gate
length direction of the transistors.

In the example disclosed herein, the transistor 104 will be
formed using a replacement gate technique. Accordingly,
FIG. 2A depicts the product 100 at a point in fabrication
wherein a sacrificial gate structure 103 has been formed
above the substrate 102. As noted above, at this point in the
replacement gate process flow, source/drain regions (not
shown) would have already been formed in the substrate 102
and an anneal process would have been performed to activate
the implanted dopant materials and repair any damage to the
substrate 102 due to the various ion implantation processes
that were performed. The sacrificial gate structure 103
includes a sacrificial gate insulation layer 106 and a dummy
or sacrificial gate electrode 108. Also depicted are an illus-
trative sidewall spacer 112 and an illustrative gate cap layer
110. The various components and structures of the product
100 may be formed using a variety of different materials and
by performing a variety of known techniques. For example,
the sacrificial gate insulation layer 106 may be comprised of
silicon dioxide, the sacrificial gate electrode 108 may be
comprised of polysilicon, and the sidewall spacer 112 and the
gate cap layer 110 may be comprised of silicon nitride. The
layers of material depicted in FIG. 2A, as well as the layers of
materials described below, may be formed by any of a variety
of different known techniques, e.g., a chemical vapor depo-
sition (CVD) process, an atomic layer deposition (ALD) pro-
cess, a thermal growth process, physical vapor deposition
(PVD), or plasma enhanced versions of such processes, etc.
Also depicted in FIG. 2A is a layer of insulating material 114,
e.g., silicon dioxide, a low-k material (k value less than about
3.3), etc., that was deposited above the product 100. In one
embodiment, the layer of insulating material 114 may be a
layer of silicon dioxide that is formed by performing a CVD
process. The layer of insulating material 114 may be formed
to any desired thickness. FIG. 2A depicts the product 100
after a planarization process has been performed on the layer
of'insulating material 114 such that the upper surface 114S of
the layer of insulating material 114 is substantially even with
the upper surface 110S of the gate cap layer 110. Importantly,
this planarization process exposes the upper surface 110S of
the gate cap layer 110 such that it can be removed. In one
illustrative embodiment, the planarization process may be a
chemical mechanical planarization (CMP) process that stops
on the gate cap layer 110, or it may be a timed etch-back
process that removes the layer of insulating material 114
selectively relative to the gate cap layer 110.

FIG. 2B depicts the product 100 after one or more wet or
dry etching processes were performed to remove the gate cap
layer 110, the sacrificial gate electrode 108 and the sacrificial
gate insulation layer 106 to thereby define a gate cavity 116
where a replacement gate structure will subsequently be
formed for the transistor 104. Typically, the sacrificial gate
insulation layer 106 is removed as part of the replacement
gate technique, as depicted herein. However, the sacrificial
gate insulation layer 106 may not be removed in all applica-
tions. Even in cases where the sacrificial gate insulation layer
106 is intentionally removed, there will typically be a very
thin native oxide layer (not shown) that forms on the substrate
102 within the gate cavity 116.

FIG. 2C depicts the product after several process opera-
tions were performed. First, a pre-clean process was per-
formed in an attempt to remove all foreign materials from
within the gate cavity 116 prior to forming the various layers
of material that will become part of the replacement gate
structure. Thereafter, a high-k (k value greater than 10) gate
insulation layer 118, such as hafnium oxide, having a thick-
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ness of approximately 2 nm was initially deposited in the gate
cavity 116 by performing an ALD process.

Next, as shown in FIG. 2D, a first metal layer 120 (e.g., a
layer of titanium nitride with a thickness of about 1-5 nm) was
formed on the high-k gate insulation layer 118 and within the
gate cavity 116. The first metal layer 120 is comprised of a
metal that may serve as a barrier layer to protect the high-k
gate insulation layer 118 during a so-called “reliability
anneal” process that will be performed to increase the reli-
ability of the high-k gate insulation layer 118, as described
more fully below. In one example, the first metal layer 120
may be formed by performing a plasma-enhanced physical
vapor deposition (PVD) process. Next, a silicon-containing
material layer (not shown), such as polysilicon or amorphous
silicon, is blanket-deposited on the product 100 so as to
over-fill the gate cavity 116. The silicon-containing material
layer may be formed by performing, for example, a CVD
process. After the silicon-containing material layer is formed,
ananneal process may be performed to increase the reliability
of the high-k gate insulation layer 118. The parameters of
such an anneal process are well known to those skilled in the
art. The silicon-containing layer may then be removed by
performing an etching process. In some cases, the first metal
layer 120 may remain in place while, in other applications,
but typically, the first metal layer 120 that was used in the
reliability anneal of the high-k gate insulation layer 118 will
be removed (by selective etching relative to the high-k gate
insulation layer 118) and a “new” first metal layer 120 will be
formed on the high-k gate insulation layer 118. However, the
present application should be understood to cover both situ-
ations.

FIG. 2E depicts the product 100 in accordance with one
illustrative embodiment disclosed herein where a metal sili-
cide deposition process 121 is performed to directly deposit a
metal silicide layer 122 on the product 100 so as to, in one
embodiment, substantially over-fill the reaming portions of
the gate cavity 116. Inthe depicted example, the metal silicide
layer 122 is deposited on the first metal layer 120. In other
applications, another optional metal layer (indicated by the
dashed line 123) that may act as an adhesion layer may be
formed on the first metal layer 120 prior to forming the metal
silicide layer 122. Whether or not such an adhesion layer is
employed may vary upon the material selected for the first
metal layer 120 and the composition of the metal silicide layer
122. So as not to obscure the presently disclosed inventions,
the layer 123 will not be depicted in any subsequent drawings.

In one illustrative embodiment, the metal silicide layer 122
may be formed by performing an ALD, a CVD or a PVD
process (or plasma-enhanced versions of such processes), and
it may be formed to any desired thickness 1227T (as measured
above a substantially planar surface). In some applications,
the metal silicide layer 122 may be formed in such a manner
such that few, if any, voids are present in the gate cavity 116.
In other applications, due to the limited width of the gate
cavity 116, when the metal silicide layer 122 is deposited, it
may tend to “pinch-off” the gate cavity 116, thereby creating
avoid or seam in the metal silicide layer 122 within the cavity
116. In the case where such a void is formed, the gate metal
material that will be subsequently formed (as described more
fully below) may fill all or a portion of such a void. For
purposes of disclosing the present inventions, the metal sili-
cide layer 122 will be depicted as having been formed in such
a manner so as to result in a substantially void-free metal
silicide layer 122.

The metal silicide layer 122 may be comprised of any of a
variety of metal silicide materials, e.g., tungsten silicide,
hafnium silicide, tantalum silicide, titanium silicide, nickel-
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platinum silicide, cobalt silicide, erbium silicide, molybde-
num silicide, lanthanum silicide, yttrium silicide, ytterbium
silicide, a silicide of a refractory metal, a silicide of a rare
earth metal or a silicide of a transition metal, etc. The metal
silicide layer 122 may also be deposited to any desired thick-
ness 1227T, e.g., 1-7 nm. In one illustrative embodiment where
the metal silicide layer 122 is comprised of tungsten silicide,
it may be formed using WF, or WCl; and SiH, or Si,Hg as
precursor gases at flow rates of about 10-5000 sccm and
10-5000 scem, respectively, at a temperature that falls within
the range of about 200-600° C. and at a pressure that falls
within the range of about 0.1-100 Torr. Of course, the process
conditions can vary based upon, among other things, the
design of the process chamber and the desired composition of
the metal silicide layer 122.

Inthe depicted example in FIG. 2E, the metal silicide layer
122 is shown as having the atomic silicon uniformly distrib-
uted throughout the thickness 122T of the metal silicide layer
122. In practice, concentration of the atomic silicon within
the metal silicide may not be uniform. Moreover, in some
applications, the parameters of the deposition process 121
may be intentionally varied such that there is a variation in the
amount of atomic silicon throughout the thickness 122T of
the metal silicide layer 122. In general, the ratio of metal to
silicon can be changed by controlling various process param-
eters. For example, the deposition process 121 may be con-
trolled such that there is a higher concentration of atomic
silicon in the metal silicide layer 122 at the bottom surface
122B of the metal silicide layer 122, i.e., at the interface with
the first metal layer 120, than there is at the upper surface
122U of the metal silicide layer 122. One illustrative way to
achieve a metal silicide layer 122 with such a variation in
atomic silicon is by reducing the amount of silicon-contain-
ing precursors used in the deposition process (either continu-
ously or in a step-wise fashion) as the deposition process 121
proceeds. Of course, if desired, the deposition process 121
could be performed in such a manner that there is a higher
concentration of atomic silicon in the metal silicide layer 122
at the upper surface 122U of the metal silicide layer 122 than
there is at the bottom surface 122B of the metal silicide layer
122.

The inventors have discovered that, by varying the amount
of atomic silicon in the metal silicide layer 122, the effective
work function of the overall stack of the gate metals at the
interface between the first metal layer 120 and the high-k gate
insulation layer 118 may be controlled or “tuned” to a desired
level. FIGS. 3A-3B depict various aspects of the process that
may be performed to form the metal silicide layer 122. FIG.
3A is a graph of the effective work function (EWF) of the
overall gate stack of materials as a function of the atomic
percentage of silicon in an illustrative metal silicide layer 122
comprised of a 5 nm thick tungsten silicide that is deposited
on a first metal layer 120 comprised of titanium nitride (TiN)
that is about 2 nm in thickness. In the illustrative example
where the metal silicide layer 122 is comprised of tungsten
silicide, the effective work function of a gate stack that
includes such a tungsten silicide layer 122 may be tuned or
adjusted to have effective work function values that fall
within the range of about 4.4 eV to about 4.8 eV. Typically,
work function adjusting metals for use with N-type transistor
devices, e.g., TiAlC, normally result in a gate stack that has an
effective work function less than about 4.6 eV. On the other
hand, work function adjusting metals commonly used for
P-type transistor devices typically result in a gate stack hav-
ing an effective work function greater than about 4.8 eV.
Thus, as will be recognized by those skilled in the art after a
complete reading of the present application, the methods and
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structures disclosed herein may be employed to form metal
silicide layers 122 that can be individually tailored to be used
with N-type or P-type transistor devices.

In one particular application, the methods disclosed herein
may be employed in CMOS applications. For example, metal
silicide layers 122 that are intended to be used with N-type
transistor devices may be formed with about 50-90% atomic
silicon. In contrast, metal silicide layers 122 that are intended
to be used with P-type transistor devices may be formed with
about 2-40% atomic silicon. The amount of silicon contained
in the metal silicide layer 122 may be controlled by, for
example, varying the amount of a silicon-containing precur-
sor, such as silane, disilane, tri-silane, etc., that is used when
depositing the metal silicide layer 122. Other illustrative tech-
niques that may be employed to control the amount of silicon
contained in the metal silicide layer 122 include, but are not
limited to, controlling the temperature of the deposition pro-
cess, controlling the duration of time during which precursors
are introduced into the process chamber, etc. The exact pro-
cess parameters will need to be determined by experiment
with the exact process flow and materials used in each appli-
cation. FIG. 3B is a plot of the effective work function (ver-
tical axis) of the overall gate stack that includes the metal
silicide layer 122 as a function of the thickness (horizontal
axis) of the metal silicide layer 122 in the case where the
metal silicide layer 122 is comprised of tungsten silicide.
Additionally, in FIG. 3B, the amount of atomic silicon present
in the metal silicide layer 122 is at a constant level of about
63%. As can be seen by the curve in FIG. 3B, the curve is
fairly flat when the thickness of the metal silicide layer 122 is
below about 0.3-0.5 nm, trends downward with increasing
thickness of the metal silicide layer 122, then begins to flatten
out again when the thickness of the metal silicide layer 122
reaches a value of about 3 nm. As can be seen from FIG. 3B,
for a constant atomic percentage of silicon (about 63%), the
effective work function of the overall gate stack that includes
the metal silicide layer 122 may be varied from about 4.85 eV
to about 4.5 eV by changing the thickness of the metal silicide
layer 122 from about 0.1-5 nm, and saturates beyond about 5
nm.
In addition to some of the benefits described above, in at
least some applications, by using the metal silicide layer 122
disclosed herein, the resistance of the metals used in the final
gate structure for the transistor 104 may be greatly decreased
relative to prior art transistor structures. As one example, for
a typical prior art N-type transistor device, the work function
adjusting metal employed in such a device might be titanium-
aluminum-carbon (TiAlC) having a thickness of about 2-10
nm. Such a layer of titanium-aluminum-carbon (TiAlIC) was
typically positioned between two layers of titanium nitride. A
layer of titanium-aluminum-carbon (TiAlC) typically has a
resistivity value of about 2000 pohms-cm. Using the methods
disclosed herein, an N-type transistor device may be formed
using the above-described metal silicide layer 122 in lieu of
the titanium-aluminum-carbon (TiAlC) layer (and without
the capping titanium nitride layer as well in some applica-
tions). Importantly, the metal silicide layer 122 disclosed may
have a resistivity value of about 200 pohms-cm—approxi-
mately an order of magnitude less than that of titanium-
aluminum-carbon (TiAlC)—a material that is frequently
employed as a work function adjusting metal on N-type tran-
sistor devices. Of course, such a dramatic change in resistance
values may not be present in all situations, as it depends upon
the materials of construction that are the basis of the compari-
son. However, as will be appreciated by those skilled in the art
after a complete reading of the present application, such a
reduction in the resistance value of at least some of the mate-
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rials used in the gate structures of transistor devices can
provide significant advantages as it relates to the design and
manufacture of integrated circuit products.

FIG. 2F depicts the product 100 after several processing
operations were performed on the device. In one embodi-
ment, one or more CMP processes were performed to remove
the portions of the layers 118, 120 and 122 positioned above
the surface 114S of the layer of insulating material 114 and
outside of the gate cavity 116. Thereafter, one or more dry or
wet etching process were performed on the high-k gate insu-
lation layer 118, the first metal layer 120 and the metal silicide
layer 122 to form a recess 119 in the gate cavity 116. The
depth of the recess 119 may vary depending upon the particu-
lar application, e.g., about 10-20 nm. In some applications,
the CMP processes may be omitted and the structure depicted
in FIG. 2F may be achieved by simply performing one or
more etching processes.

FIG. 2G depicts the product 100 after a second metal layer
124 was blanket-deposited on the product 100 so as to over-
fill recess the 119 in the gate cavity 116. The second metal
layer 124 may be comprised of a variety of conductive mate-
rials, e.g., tungsten, aluminum, cobalt, nickel, etc., and it may
be formed by performing, for example, a CVD or PVD pro-
cess. The second metal layer 124 may be formed to any
desired thickness.

FIG. 2H depicts the product 100 after a dry or wet etching
process was performed on the second metal layer 124 to
thereby produce a recessed second metal layer 124R having a
recessed upper surface that defines a recess 125. In one
embodiment, the recessing process may be a timed etching
process. In one illustrative example, the recessing process is
performed in such a manner that the depth of the recess 125 is
about 10-20 nm.

FIG. 21 depicts the product 100 after several process opera-
tions were performed. First, a layer of gate cap material, e.g.,
silicon nitride, was blanket-deposited above the product 100.
Thereafter, a planarization process was performed on the
layer of gate cap material to thereby define a gate cap layer
126 for the transistor 104. In one illustrative embodiment, the
planarization process may be a chemical mechanical pla-
narization (CMP) process that stops on the layer of insulating
material 114.

At this point in the process flow, the final gate structure 150
for the transistor 104 has been formed. The gate cap layer 126
has also been formed to protect the final gate structure 150.
Using the methods disclosed herein, the stack of material
layers for the final gate structure 150 may be formed by
depositing fewer layers of material within the gate cavity 116,
especially as it relates to N-type devices. This leaves signifi-
cantly more room within the gate cavity 116 to form the
additional needed metal materials within the gate cavity 116.
More importantly, the methodologies disclosed herein are
equally compatible with forming replacement gate structures
for PMOS devices, as shown above. Thus, the methods dis-
closed herein have significant value as it relates to forming
integrated circuit products using CMOS technology. Other
benefits will be apparent to those skilled in the art after a
complete reading of the present application. At the point of
fabrication depicted in FIG. 21, the integrated circuit product
100 may be completed by performing several traditional
manufacturing processes, e.g., the formation of contacts to
the source/drain regions of the device, the formation of vari-
ous metallization layers for the product, etc.

FIGS. 4A-4H depict yet another illustrative method dis-
closed herein for forming gate structures for transistor
devices and an example of an integrated circuit product 100A
that is formed using CMOS technology. An illustrative
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NMOS transistor 104N and an illustrative PMOS transistor
104P will be formed in and above the semiconductor sub-
strate 102. In the example disclosed herein, the transistors
104N, 104P will be formed using a replacement gate tech-
nique. Accordingly, FIG. 4A depicts the product 100A at a
point in fabrication wherein sacrificial gate structures 103
have been formed above the substrate 102. As noted above, at
this point in the replacement gate process flow, source/drain
regions (not shown) would have already been formed in the
substrate 102 and an anneal process would have been per-
formed to activate the implanted dopant materials and repair
any damage to the substrate 102 due to the various ion implan-
tation processes that were performed. The sacrificial gates
structures 103 include the above-described sacrificial gate
insulation layer 106 and dummy or sacrificial gate electrode
108. Also depicted are the above-described sidewall spacers
112, gate cap layers 110 and layer of insulating material 114.
At the point of fabrication depicted in FIG. 4A, a planariza-
tion process has been performed on the layer of insulating
material 114 such that the upper surface 114S of the layer of
insulating material 114 is substantially even with the upper
surface 1108 of the gate cap layers 110 so that they can be
removed.

FIG. 4B depicts the product 100A after several process
operations, e.g., planarization and/or etching processes, were
performed to remove the gate cap layers 110, the sacrificial
gate electrodes 108 and the sacrificial gate insulation layers
106 to thereby define gate cavities 116N, 116P where a
replacement gate structure will subsequently be formed for
the N-type transistor 104N and the P-type transistor 104P,
respectively. Typically, the sacrificial gate insulation layers
106 are removed as part of the replacement gate technique, as
depicted herein. However, the sacrificial gate insulation lay-
ers 106 may not be removed in all applications. Even in cases
where the sacrificial gate insulation layers 106 are intention-
ally removed, there will typically be a very thin native oxide
layer (not shown) that forms on the substrate 102 within the
gate cavities 116N, 116P.

FIG. 4C depicts the product 100A after several process
operations were performed. First, a pre-clean process was
performed in an attempt to remove all foreign materials from
within the gate cavities 116N, 116P prior to forming the
various layers of material that will become part of the replace-
ment gate structures. Thereafter, the above-described high-k
gate insulation layer 118 was formed within the gate cavities
116N, 116P and the first metal layer 120 was formed on the
high-k gate insulation layer 118. Next, after forming a layer of
polysilicon or amorphous silicon (not shown) above the first
metal layer 120, the above-described high-k reliability anneal
process was performed. Then, the layer of polysilicon or
amorphous silicon was removed. As noted above, the first
metal layer 120 that was used during the reliability anneal
process may remain in place while, in other applications, the
first metal layer 120 that was used in the reliability anneal
process may be removed and replaced with a “new” first metal
layer 120. Also depicted in FIG. 4C (in dashed lines) is the
above-described optional adhesion layer 123 that may be
required or desired in some applications. As before, the layer
123 will not be depicted in any subsequent drawings.

Using the methods described herein, the metal silicide
layer 122 described above may be tailored for either N-type or
P-type devices, thus making it an attractive option for forming
work function adjusting layers in CMOS applications. Using
the illustrative process flow described herein, a metal silicide
layer 122N that is tailored for the NMOS device 104N will be
formed first. However, after a complete reading of the present
application, those skilled in the art will appreciate that a
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tailored metal silicide layer 122P that is tailored for the
PMOS device could have been formed first if desired.

Accordingly, FIG. 4D depicts the product 100A after a
metal silicide layer 122N that has an atomic silicon content
tailored for the NMOS device 104N is deposited on the prod-
uct 100A so as to substantially over-fill both of the remaining
portions of the gate cavities 116N, 116P. In one illustrative
embodiment, the metal silicide layer 122N may be formed
with about 50-95% atomic silicon. The metal silicide layer
122N may be formed using the methods and materials
described above with respect to the metal silicide layer 122.

FIG. 4E depicts the product 100A after several process
operations were performed. First, a patterned masking layer
141 was formed above the product 100A. The patterned
masking layer 141 covers the NMOS region while leaving the
PMOS region exposed for further processing. In one embodi-
ment, the patterned masking layer 141 may be a patterned
layer of photoresist material that may be formed using known
photolithography tools and techniques or it may be a pat-
terned hard mask layer, such as a layer of silicon nitride. Next,
a dry or wet etching process was performed to remove the
exposed portions of the metal silicide layer 122N, thereby
re-exposing some of the gate cavity 116P for the PMOS
transistor 104P.

FIG. 4F depicts the product 100A after several process
operations were performed. First, the patterned mask layer
141 was removed. Then, a second metal silicide layer 122P
that has an atomic silicon content tailored for the PMOS
device 104P was deposited on the product 100A so as to
substantially over-fill the remaining portions of the gate cav-
ity 116P. In one illustrative embodiment, the metal silicide
layer 122P may be formed with about 2-40% atomic silicon.
The metal silicide layer 122P may be formed using the meth-
ods and materials described above with respect to the metal
silicide layer 122. In general, the amount of atomic silicon in
the metal silicide layer 122N (for the NMOS device 104N)
will be greater than the amount of atomic silicon in the metal
silicide layer 122P (for the PMOS device 104P). Typically,
the amount of atomic silicon present in the metal silicide layer
122N for the NMOS device may be at least ten (10) atomic
percent greater than the amount of atomic silicon present in
the metal silicide layer 122P for the PMOS device. Also note
that, using the methods disclosed herein to form transistors in
CMOS applications, the metal silicide layers 122N, 122P
may not be made of the same metal silicide, although that
situation may occur in some applications.

FIG. 4G depicts the product 100A after one or more pla-
narization processes have been performed to remove the por-
tions of the metal silicide layers 122N, 122P, the first metal
layer 120 and the high-k gate insulation layer 118 that are
positioned above the surface 114S of the layer of insulating
material 114 and outside of'the gate cavities 116N, 116P. The
structure depicted in FIG. 4G may be achieved by performing
one or more CMP and/or etching processes in any of a variety
of different processing sequences.

FIG. 4H depicts the product 100A after the processing
sequence described above in connection with FIGS. 2G-21
was performed to result in the formation of the second metal
layer 124R and the gate cap layer 126 as depicted in the
drawing. At this point in the process flow, the final gate
structures 150N, 150P for the transistors 104N, 104P, respec-
tively, have been formed. At the point of fabrication depicted
in FIG. 4H, the integrated circuit product 100A may be com-
pleted by performing several traditional manufacturing pro-
cesses, e.g., the formation of contacts to the source/drain
regions of the device, the formation of various metallization
layers for the product, etc.
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FIGS. 5A-5E depict yet another illustrative method dis-
closed herein for forming a gate structure for a transistor
device 105 and an example of an integrated circuit product
101 that contains such a transistor. In the example disclosed
herein, the transistor 105 will be formed using a replacement
gate technique. FIG. 5A depicts the product 101 at a point in
fabrication that approximately corresponds to that depicted in
FIG. 2D, i.e., the sacrificial gate structure of the transistor 105
has been removed and the above-described high-k gate insu-
lation layer 118 was formed within the gate cavity 116 and the
first metal layer 120 was formed on the high-k gate insulation
layer 118. The above-described high-k reliability anneal pro-
cess would have also been performed at this point in the
process flow. As noted above, the first metal layer 120
depicted in FIG. 5A may have been used in the reliability
anneal of the high-k gate insulation layer 118 or it may be a
“new” first metal layer 120. Also depicted in FIG. 5A (in
dashed lines) is the above-described optional adhesion layer
123 that may be required or desired in some applications. As
before, the layer 123 will not be depicted in any subsequent
drawings.

FIG. 5B depicts the product 101 at a point in fabrication
wherein an illustrative metal layer 145 is formed above the
product 101. In one illustrative embodiment, the metal layer
145 may be comprised of a single layer of metal or multiple
layers of metal, such as the illustrative first metal layer 145-1
(depicted in dashed lines) and a second layer of metal 145-2
formed thereabove. The number of such metal layers may
vary depending upon the particular application. For ease of
reference, the situation where multiple layers of metal may be
formed above the first metal layer 120 will not be depicted in
the subsequent drawings. The metal layer(s) 145 may be
comprised of any of a variety of metals, e.g., tungsten,
hafnium, tantalum, titanium, nickel, platinum, a refractory
metal or a transition metal, or combinations of such materials,
etc. The metal layer(s) 145 may also be deposited to any
desired thickness 1457, e.g., 10-300 nm. In some applica-
tions, the metal layer(s) 145 may be formed in such a manner
such that few, if any, voids are present in the cavity 116. In
other applications, due to the limited width of the gate cavity
116, when the metal layer(s) 145 is formed, it may tend to
“pinch-off” the gate cavity 116, thereby creating a void or
seam in the metal layer(s) 145 within the cavity 116. In the
case where such a void is formed, the gate metal material that
will be subsequently formed (as described more fully below)
may fill all or a portion of such a void. For purposes of
disclosing the present inventions, the metal layer(s) 145 will
be depicted as having been formed in such a manner so as to
result in a substantially void-free metal layer(s) 145.

Next, as shown in FIG. 5C, one or more process operations
147 will be performed on the metal layer(s) 145 to convert all
ora portion of the metal layer 145 into a metal silicide layer(s)
149. In general, the process operation 147 involves introduc-
ing atomic silicon in to the metal layer(s) 145. In the case
where multiple layers of metal are formed, e.g., metal layers
145-1 and 145-2, separate process operations 147 may be
performed after each individual metal layer is formed or the
process operation 147 may be performed after all of the
multiple metal layers 145 (e.g., the layers 145-1 and 145-2)
are formed. In the case where multiple layers of material are
formed, the multiple layers of material may all be comprised
of the same metal or they may be comprised of different
metals. Moreover, in the case where multiple layers of metal
are formed, the parameters of individual process operations
147 that are performed after the formation of each layer of
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metal may be different as well, e.g., the amount of atomic
silicon introduced during each individual process operation
147 may be different.

In one illustrative embodiment, the process operation 147
may be a plasma treatment process or a thermal treatment
process performed in a process ambient comprised of a sili-
con-containing precursor. For example, a silicon-containing
precursor such as silane, disilane, tri-silane, etc. may be intro-
duced into a process chamber (not shown) at a flow rate of
about 5-3000 sccm. Of course, the process conditions can
vary based upon, among other things, the design of the pro-
cess chamber and the desired composition of the metal sili-
cide layer(s) 149.

In the case of a plasma-based process operation 147, the
process operation 147 may be performed at a temperature that
falls within the range of about 25-1000° C. and at a pressure
that falls within the range of about 0.1-100 Torr. Such a
plasma-based process operation may be performed for a dura-
tion of about 0.1-1000 seconds, depending upon the thickness
of the metal layer(s) 145. The plasma power may fall within
the range of about 10-10,000 W and the frequency may fall
within the range of about 100 kHz-45 MHz. Of course, the
process conditions can vary based upon, among other things,
the design of the process chamber and the desired composi-
tion of the metal silicide layer(s) 149.

In another example, the process operation 147 may be a
thermal treatment process operation that is performed in a
silicon-containing process ambient that results in the forma-
tion of the metal silicide layer 149. In one embodiment, such
a thermal treatment process may be performed at a tempera-
ture that falls within the range of about 200-1100° C. and at a
pressures that falls within the range of about 0.1-760 Torr.

Inthe depicted example in FIG. 5C, the metal silicide layer
149 is shown as having the atomic silicon uniformly distrib-
uted throughout the thickness of the metal silicide layer 149.
In practice, the depth of penetration of the atomic silicon that
is introduced by way of the process operation 147 may vary
depending upon the particular application, i.e., atomic silicon
may not penetrate the entire thickness of the metal layer(s)
145. In practice, the concentration of the atomic silicon
within the metal silicide layer 149 may not be uniform. More-
over, in some applications, the parameters of the process
operation(s) 147 may be intentionally varied such that there is
a variation in the amount of atomic silicon throughout the
thickness of the metal silicide layer 149. For example, the
process operation(s) 147 may be controlled such that there is
a higher concentration of atomic silicon in the metal silicide
layer 149 at the bottom surface 149B of the metal silicide
layer 149, i.e., at the interface with the first metal layer 120,
than there is at the upper surface 149U of the metal silicide
layer 149. One way to obtain a metal silicide layer 149 with
such a variation in atomic silicon involves reducing the
amount of silicon-containing precursors used in the process
operation(s) 147 (either continuously or in a step-wise fash-
ion) as the process operation(s) 147 proceeds. Of course, if
desired, the process operation(s) 147 could be performed in
such a manner that there is a higher concentration of atomic
silicon in the metal silicide layer 149 at the upper surface
149U ofthe metal silicide layer 149 than there is at the bottom
surface 149B of the metal silicide layer 122. Other illustrative
techniques that may be employed to control the amount of
silicon contained in the metal silicide layer 149 include, but
are not limited to, controlling the temperature of the process
operation 147, controlling the duration of time during which
precursors are introduced into the process chamber, etc.

The inventors have discovered that, by varying the amount
of'silicon in the metal silicide layer(s) 149, the effective work
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function (EWF) of the overall gate stack that includes the
metal silicide layer 149 may be controlled or “tuned” to a
desired level. The data set forth in FIGS. 3A-3B apply equally
to this aspect of the presently disclosed inventions. Thus,
using the methods described herein, the metal silicide layer
149 described above may be tailored for either N-type or
P-type devices, thus making it an attractive option for, among
other things, forming work function adjusting layers in
CMOS applications. The inventors have also discovered that
annealing in inert atmosphere subsequent to the metal silicide
deposition may reduce resistivity of the metal gate without
having a major impact on the effective work function of the
overall gate stack. An example of this includes a tungsten
silicide system. The annealing process can be done at 250-
1000° C., although higher temperature anneals may adversely
impact dopant profiles. In one embodiment, such annealing
may be performed in an argon environment, although other
gases, such as N,, He, H,, etc., can also be used. In one
embodiment, the pressure during such an anneal process may
fall within the range of about 100 mT-760 Torr.

FIG. 5D depicts the product 101 after one or more pla-
narization processes have been performed to remove the por-
tions of the metal silicide layer(s) 149, the first metal layer
120 and the high-k gate insulation layer 118 that are posi-
tioned above the surface 114S of the layer of insulating mate-
rial 114 and outside of the gate cavity 116. The structure
depicted in FIG. 5D may be achieved by performing one or
more CMP and/or etching processes in any of a variety of
different processing sequences.

FIG. 5E depicts the product 101 after the processing
sequence described above in connection with FIGS. 2G-21
was performed to result in the formation of the second metal
layer 124R and the gate cap layer 126 as depicted in the
drawing. At this point in the process flow, the final gate
structure 160 for the transistor 105 has formed. At the point of
fabrication depicted in FIG. 5E, the integrated circuit product
101 may be completed by performing several traditional
manufacturing processes, e.g., the formation of contacts to
the source/drain regions of the device, the formation of vari-
ous metallization layers for the product, etc.

FIGS. 6A-6F depict yet another illustrative method dis-
closed herein for forming gate structures for transistor
devices and an example of an integrated circuit product 101A
that is formed using CMOS technology. Accordingly, FIG.
6A depicts the product 101A at a point in fabrication that
approximately corresponds to that depicted in FIG. 4C, i.e.,
the sacrificial gate structures of the transistors 104N, 104P
have been removed and the above-described high-k gate insu-
lation layer 118 was formed within the gate cavities 116N,
116P and the first metal layer 120 was formed on the high-k
gate insulation layer 118. The above-described high-k reli-
ability anneal process would have also been performed at this
point in the process flow. As noted above, the first metal layer
120 depicted in FIG. 6 A may have been used in the reliability
anneal of the high-k gate insulation layer 118 or it may be a
“new” first metal layer 120. Also depicted in FIG. 6A (in
dashed lines) is the above-described optional adhesion layer
123 that may be required or desired in some applications. As
before, the layer 123 will not be depicted in any subsequent
drawings.

FIG. 6B depicts the product 101A after the above-de-
scribed metal layer(s) 145 have been formed above the prod-
uct 101A so as to substantially over-fill the gate cavities
116N, 116P. As noted above, the metal layer(s) 145 may be
comprised of a single layer of metal or multiple layers of
metal.
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Typically, when processing is completed, the metal silicide
work function adjusting material for the PMOS device 104P
will have a lower relative concentration of atomic silicon as
compared to the amount of atomic silicon that is present in the
metal silicide work function adjusting material for the NMOS
device 104N. Thus, as shown in FIG. 6C, in one illustrative
process flow, a first process operation 147-1 may be per-
formed to introduce an amount of atomic silicon into the
entire metal layer 145 that corresponds to the lesser amount of
atomic silicon used for the metal silicide work function
adjusting metal silicide layer 149P of the PMOS transistor
104P. In one illustrative embodiment, the first process opera-
tion 147-1 may be performed such that the metal silicide layer
149P may be formed with about 2-40% atomic silicon. The
process operation 147-1 may be any of the process operations
147 described above.

FIG. 6D depicts the product 101A after several process
operations were performed. First, a patterned masking layer
151 was formed above the product 101A. The patterned
masking layer 151 covers the PMOS region while leaving the
NMOS region exposed for further processing, i.e., portions of
the metal silicide layer 149 above the NMOS region are
exposed for further processing. In one embodiment, the pat-
terned masking layer 151 may be a patterned layer of photo-
resist material that may be formed using known photolithog-
raphy tools and techniques or it may be a patterned hard mask
layer, such as a layer of silicon nitride. Next, a second process
operation 147-2 is performed on the exposed portions of the
metal silicide layer 149P so as to thereby effectively increase
the amount of atomic silicon in the metal silicide layer 149P
and thereby convert it into a metal silicide layer 149N that has
an atomic silicon content tailored for the NMOS device
104N. In one illustrative embodiment, the process operations
147-1 and 147-2 are designed such that the metal silicide
layer 149N may be formed with about 40-95% atomic silicon
when all processing is completed. The process operation
147-2 may be any of the process operations 147 described
above.

FIG. 6E depicts the product 101A after several process
operations were performed. First, the patterned mask layer
151 was removed. Then, one or more planarization processes
were performed to remove the portions of the metal silicide
layers 149N, 149P, the first metal layer 120 and the high-k
gate insulation layer 118 that are positioned above the surface
1148 of the layer of insulating material 114 and outside of the
gate cavities 116N, 116P. The structure depicted in FIG. 6E
may be achieved by performing one or more CMP and/or
etching processes in any of a variety of different processing
sequences.

FIG. 6F depicts the product 101A after the processing
sequence described above in connection with FIGS. 2G-21
was performed to result in the formation of the second metal
layer 124R and the gate cap layers 126 as depicted in the
drawing. At this point in the process flow, the final gate
structures 160N, 160P for the transistors 104N, 104P, respec-
tively, have been formed. At the point of fabrication depicted
in FIG. 6F, the integrated circuit product 101 A may be com-
pleted by performing several traditional manufacturing pro-
cesses, e.g., the formation of contacts to the source/drain
regions of the device, the formation of various metallization
layers for the product, etc.

The particular embodiments disclosed above are illustra-
tive only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled in
the art having the benefit of the teachings herein. For example,
the process steps set forth above may be performed in a
different order. Furthermore, no limitations are intended to
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the details of construction or design herein shown, other than
as described in the claims below. It is therefore evident that
the particular embodiments disclosed above may be altered or
modified and all such variations are considered within the
scope and spirit of the invention. Note that the use of terms,
such as “first,” “second,” “third” or “fourth” to describe vari-
ous processes or structures in this specification and in the
attached claims is only used as a shorthand reference to such
steps/structures and does not necessarily imply that such
steps/structures are performed/formed in that ordered
sequence. Of course, depending upon the exact claim lan-
guage, an ordered sequence of such processes may or may not
be required. Accordingly, the protection sought herein is as
set forth in the claims below.

What is claimed:
1. A method of forming replacement gate structures for an
NMOS transistor and a PMOS transistor, comprising:
performing at least one etching process to remove a sacri-
ficial gate structure for said NMOS transistor and a
sacrificial gate structure for said PMOS transistor to
thereby define an NMOS gate cavity and a PMOS gate
cavity;
depositing a gate insulation layer in said NMOS gate cavity
and in said PMOS gate cavity;
depositing a first metal layer on said gate insulation layer in
said NMOS gate cavity and in said PMOS gate cavity;
performing at least one process operation to form:
an NMOS metal silicide material positioned above said
first metal layer within said NMOS gate cavity, said
NMOS metal silicide material comprising a first
amount of atomic silicon; and
a PMOS metal silicide material positioned above said
first metal layer within said PMOS gate cavity, said
PMOS metal silicide material comprising a second
amount of atomic silicon, wherein said first and sec-
ond amounts of atomic silicon are different;
after forming said NMOS and PMOS metal silicide
materials in said respective NMOS and PMOS gate
cavities, performing at least one etching process to
remove a portion of at least said respective NMOS and
PMOS metal silicide materials so as to form a recess
in each of said respective NMOS and PMOS gate
cavities; and
forming respective gate cap layers within said recesses
formed in said NMOS and PMOS gate cavities.
2. The method of claim 1, wherein performing said at least
one process operation comprises:
performing at least one first silicide deposition process to
deposit said NMOS metal silicide material in at least
said NMOS gate cavity; and
performing at least one second silicide deposition process
to deposit said PMOS metal silicide material in at least
said PMOS gate cavity.
3. The method of claim 1, wherein performing said at least
one process operation comprises:
depositing at least one second layer of metal above said
first metal layer in said NMOS gate cavity and in said
PMOS gate cavity; and
introducing atomic silicon into said at least one second
metal layer so as to covert at least a portion of said at
least one second metal layer into one of said NMOS
metal silicide material or said PMOS metal silicide
material.
4. The method of claim 3, wherein the step of introducing
silicon into said at least one second layer of metal comprises
performing one of a plasma process operation or a thermal
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treatment process operation on said at least one second metal
layer in a silicon-containing process ambient.
5. The method of claim 4, wherein performing said plasma
process operation comprises introducing a silicon-containing
precursor into a process chamber at a flow rate of about
5-3000 sccm and performing said plasma process operation at
a temperature that falls within the range of 25-1000° C., at a
pressure that falls within the range of 0.1-100 Torr, for a
duration that falls with the range of 0.1-1000 seconds, using
a plasma power setting that falls within the range of 10-10,
000 W and a frequency setting that falls within the range of
100 kHz-45 MHz.
6. The method of claim 4, wherein performing said thermal
process operation comprises introducing a silicon-containing
precursor into a process chamber at a flow rate of about
5-3000 sccm and performing said thermal process operation
at a temperature that falls within the range of 200-1100° C.
and at a pressures that falls within the range of 0.1-760 Torr.
7. The method of claim 1, wherein said NMOS metal
silicide material and said PMOS metal silicide material are
comprised of the same metal silicide material.
8. The method of claim 1, wherein said NMOS metal
silicide material and said PMOS metal silicide material are
comprised of different metal silicide materials.
9. The method of claim 1, wherein the difference between
said first and second amounts of atomic silicon is at least 10
atomic percent.
10. The method of claim 1, wherein said NMOS metal
silicide material comprises 50-95% atomic silicon.
11. The method of claim 1, wherein said PMOS metal
silicide material comprises 2-40% atomic silicon.
12. The method of claim 1, wherein said gate insulation
layer is formed in each of said NMOS and PMOS gate cavi-
ties after removing said sacrificial gate structures for said
respective NMOS and PMOS transistors.
13. The method of claim 1, wherein said gate insulation
layer formed in at least one of said NMOS and PMOS gate
cavities is formed so as to cover an entirety of bottom and
sidewall surfaces of a respective one of said NMOS and
PMOS gate cavities.
14. A method of forming replacement gate structures for an
NMOS transistor and a PMOS transistor, the method com-
prising:
performing at least one etching process to remove a sacri-
ficial gate structure for said NMOS transistor and a
sacrificial gate structure for said PMOS transistor to
thereby define an NMOS gate cavity and a PMOS gate
cavity;
after removing said sacrificial gate structures for said
NMOS and said PMOS transistors, depositing a gate
insulation layer in said NMOS gate cavity and in said
PMOS gate cavity;

depositing a first metal layer on said gate insulation layer in
said NMOS gate cavity and in said PMOS gate cavity;

depositing a first metal silicide material above said first
metal layer within said NMOS gate cavity, said first
metal silicide material comprising a first amount of
atomic silicon;

depositing a second metal silicide material above said first

metal layer within said PMOS gate cavity, said second
metal silicide material comprising a second amount of
atomic silicon, wherein said first amount of atomic sili-
con is different than said second amount of atomic sili-
con,

after depositing said first and second metal silicide mate-

rials in said respective NMOS and PMOS gate cavities,
performing at least one etching process to remove a
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portion of at least said respective first and second metal
silicide materials so as to form a recess in each of said
respective NMOS and PMOS gate cavities; and
forming respective gate cap layers within said recesses
formed in said NMOS and PMOS gate cavities.

15. The method of claim 14, wherein after depositing said
first metal silicide material in said NMOS gate cavity, said
gate insulation layer, said first metal layer, and said first metal
silicide material substantially completely fill said NMOS gate
cavity, and wherein after depositing said second metal silicide
material in said PMOS gate cavity, said gate insulation layer,
said first metal layer, and said second metal silicide material
substantially completely fill said PMOS gate cavity.

16. The method of claim 14, further comprising, prior to
forming said respective gate cap layers, forming a second
metal layer in each of said respective recesses and thereafter
forming said respective gate cap layers above said respective
second metal layers.

17. The method of claim 14, wherein said first metal sili-
cide material and said second metal silicide material are com-
prised of different metal silicide materials.

18. The method of claim 14, wherein the difference
between said first and second amounts of atomic silicon is at
least 10 atomic percent.

19. The method of claim 14, wherein said first metal sili-
cide material comprises 50-95% atomic silicon.

20. The method of claim 14, wherein said second metal
silicide material comprises 2-40% atomic silicon.

21. A method of forming a replacement gate structure for a
transistor, the method comprising:

performing at least one etching process to remove a sacri-

ficial gate structure for said transistor so as to thereby
define a gate cavity;
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after removing said sacrificial gate structure, depositing a

gate insulation layer in said gate cavity;

depositing a first metal layer on said gate insulation layer in

said gate cavity;

depositing a metal silicide material layer above said first

metal layer within said gate cavity so that a bottom
surface of said metal silicide material layer adjacent to
said first metal layer has a first concentration of atomic
silicon and a top surface of said metal silicide material
layer opposite of said bottom surface has a second con-
centration of atomic silicon that is different than said
first concentration; and

forming a gate cap layer within said gate cavity.

22. The method of claim 21, wherein depositing said metal
silicide material having said first concentration of atomic
silicon at said bottom surface of said metal silicide material
layer and said second concentration of atomic silicon at said
top surface of said metal silicide material layer comprises
adjusting, during a material deposition process, an amount of
silicon-containing precursor gas in a deposition ambient used
to deposit said metal silicide material layer.

23. The method of claim 21, further comprising perform-
ing at least one etch process to remove a portion of at least said
metal silicide material layer so as to form a recess in said gate
cavity, depositing a second metal layer in said recess, and
forming said gate cap layer in said recess and above said
second metal layer.

24. The method of claim 21, further comprising, prior to
depositing said metal silicide material layer, forming an adhe-
sion layer above said first metal layer within said gate cavity,
wherein said metal silicide layer is formed above said adhe-
sion layer.



